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FORWARD 


This final report documents the results of the reliability testing of Textron Systems 
Division’s Gyroscope Model III-T, two axis dynamically tuned rotor Gyroscope. The 
testing was performed under the NASA Contract NAS5-31954 for the SMEX Gyros. 

This report is organized as follows: 

Section 1- Introduction and Conclusion 

Section2- Technical section which analyzes the tuning concept for the Gyro. 
Section3- Technical section which derives the Gyro Error Model equations. 


Section4- Test Results of the reliability test including the Plots. 


Section 5- Appendices which include the test setup, the test procedures and the 
log. 


SECTION 1 


INTRODUCTION, CONCLUSIONS 


INTRODUCTION 


NASA Godard Space Flight Center under Contract NAS 5-31954 contracted Textron 
Systems Division (TSD) to conduct 3 year Life and Reliability Test on TSD’s Model III- 
T dynamically tuned rotor gyroscope. This gyro was specifically designed for NASA in 
the early 1980s for space flight applications. The purpose of these tests was to establish 
that the Model III-T Gyroscope (Part Number 760900-533) would meet the performance 
requirements for the three year space mission, SMEX Mission. Two gyroscopes Serial 
Numbers 3334 and 3327 were utilized to perform the life tests. The gyros were turned 
on and continuously running for three years in an operational bed which was a 
temperature controlled oven maintained at 125°F - 130°F environment. The gyros were 
operated at their Synchronous speed, 400Hz, in a closed-loop-mode (torque-to-balance). 
During the first six months, each gyro was taken out of the operational bed every two 
weeks on to the test laboratory where it was Performance tested. The Performance 
Parameter Specifications, against which each gyro was tested, are listed on Page 10 of 
Textron Test Procedure document number 600218. The procedure is attached in Section 
5 of this report. After six months, the frequency of performance testing was changed to 
once amonth. The NASA MOD III - Gyro Life Test Plan and Procedure No. 600218 
also details the required test equipment, and the gyro orientation requirements. A detailed 
laboratory log was maintained and records of all the events throughout the 3 year life tests 
were maintained e.g., power outages, equipment failures and quality assurance inspection 
records. Also included in Section 5 of this report is a block diagram for the Performance 
Test Bed drawing number 767158. 


CONCLUSION 


The two gyros met and in most cases far exceeded all the specification requirements 
for the SMEX Gyroscope as evidenced in the test results summary sheets and plots given 
in Section 4. These results are far superior than was anticipated especially given the fact 
that the test results deviations also include the additional terms which are not part of the 
gyro errors. For example, mount-to-mount repeatability and the test equipment errors are 
all lumped under total gyro performance error budget. 


Utilizing the final error equation from Section 3 and the plots of test results from 
Section 4 of this report, one can conclude the following: 


(a) 


(b) 


(c) 


(d) 


(e) 


The gyro run up times throughout the 3 years have been fairly steady, i.e., 
10 - 11 seconds with a standard deviation of less than 1/2 second. This 
indicates that the gyros are fairly smooth and no deterioration of the bearings 
within the last 3 years of operation or otherwise the run up time would have 
gone up from additional friction due to the bearing wear. 


The plots for the motor start-up current on both gyros indicates fairly 
constant value over the 3 year time frame indicating that there is enough 
power to start the gyros and no degradation in the motor. The two spikes at 
520 days on both gyros indicate test equipment read out problems rather 
than the deterioration, since its very systematic on both gyros and also the 
spikes happen only once out of 45 times. 


The motor run current plots indicates a slight trend of approximately .3 ma 
per month, however the standard deviation is very small. This probably 
results from increase in internal friction with time but the degradation rate 
indicates that the gyro would be good for at least 10 more years before the 
increase in friction becomes a problem rendering the gyro unusable. 


The motor run down time also shows that the time required for both gyros 
to run down is shorter. This again illustrates that the internal friction is 
higher. 


Plots for the tuned frequency indicate that initially the gyros had step 
changes in their tuned frequency, however the step change stabilized with 
time and this is probably due to the gyro weights settling initially while the 
epoxy was curing and towards the end the settling has been accomplished. It 
should be noted that the total change in tuned frequency over the three year 
period is approximately 2 Hz which is well within the design and 
performance specifications. 


(f) 


(g) 


The time constant plots on both gyros indicate that with time the gyro time 
constant is decreasing at a very low rate. The time constant is a function of 
damping. The MOD III T gyros are back filled with helium to keep the 
damping terms in the error equation low enough. When the gyro develops a 
leak, the helium is replaced by air which is much more denser than helium 
and hence would result in higher damping coefficient and a noisier gyro. On 
these two gyros, the time constant has decreased slightly over the three 
years, which indicates that the air is seeping in and replacing the helium and 
hence increased damping. This is not unusual since the gyro can never be 
hermetically sealed and the 3 T Gyros are designed to leak at 10° tours. 
With the present leak rate this gyro should be good for the next 15 years 
before its too noisy for leak to render it non-usable. 


All the remaining plots i.e., offset angles, null angles, the torquer scale 
factors, the g-insensitive error terms and the g-sensitive error terms versus 
time on these gyros indicate that there has been no degradation with time and 
they all meet or exceed the SMEX Mission performance requirements. 


SECTION 2 
ANALYSIS OF SUSPENSION SYSTEM AND THE TUNING CONCEPT 


The function of the suspension 
system in a tuned rotor gyro is to provide translational support for the 
rotor in such a way that the effective torsional coupling between rotor 
and gyro case about any axis perpendicular to the rotor spin axis is zero. 
The suspension system consists of an inertia e:ement (the gimbal) and the 
torsfonal elements (flexures). Positive spring torque between rotor and 
shaft due ve "thastorsional elements when balanced by negative spring torque 
due to the dynamic behavior of the rotor result in a tuned gyro condition. 

In this section a suspension system is analyzed in detail under the 
desired tuning condition. Basic assumptions are made to simplify the 
analysis without loss of validity or implying physical limitations. 
Coordinate frames are defined. Expressions relating the moments acting on 
the rotor as a function of case inputs are developed. Finally, the tuning 


conditions in terms of the external input are analyzed. 


2.1 Assumptions 
Assumptions made to simplify the mathematical manipulations are: 
1) The rotor inertias are much greater than the gimbal inertias. 
The spinning rotor may then be considered to have an invarient 


attitude relative to the inertial space. 


2) The effects of damping are negligible due to the large clearance 


between the rotor and the gyro case. 


3) The attitude angles oy and y (see Figure 2-2) are considered 


Figure 2-2 Rotor, gimbal, and shaft deflections. 


small, hence small angle approximations apply (i.e., 


cos 9, = 1; sin 9, = 6). 


2.2 Coordinate Frames 


The coordinate frames needed to generate relationships relative 


to each other are: 


WX, hs Poe Coordinate set is fixed relative to inertial 
space. Rotor spins about Z; axis with angular 


velocity N. 
2) 02 te Z Coordinate set is fixed in the rotor (r-set) 


2) Mey ee Coordinate set is fixed in the shaft. The 
instantaneous attitude of the gyro shaft 
relative to the r-set is specified by angles 
¢, and by (see Figure 2-2). , and dy are 
considered to have been generated by the 
angular velocity of the shaft relative to the 
r-set (9, and ty) 

ae a ee 4 Ccordinate set is fixed in the gimbal. Figures 
2.1 and 2.2 show the relationships between 


various coordinate frames. 


2.3 Angular Velocities 


From Figure 2-1, the angular velocity of the rotor relative to the 


inertial space resolved along the rotor axes is: 


ir(x) 0 
r = = 0 
®ir “ir(y) 

“ir(z) * 


where superscript refers to the frame along which the vector is coordin- 


atized. 


The angular velocity of the gimbal relative to the rotor axis an‘i 


resolved along the gimbal axis is; 


* cd a g re 
“rg (x) * 

Og = |rg(y) : 

Xeg(z) 0 


The matrix for transforming velocities from the rotor coordinates to 


the gimbal coordinate after applying small angle approximations, is: 


ce = |0 1 4, (2-1) 
0 “oy a 


Angular velocity of the gimbal relative to the inertial space, 
coordinatized in the gimbal frame, can be obtained by summing the angular 
velocities as shown by Equation (2-2a). First term on the right hand 
side of Equation (2-2a) is the angular velocity of rotor relative to the 
inertial space transformed to the gimbal frame by matrix i and the 
second term is the angular velocity of the gimbal relative to the rotor 


coordinatized in the gimbal frame. 
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(2-2a) 


Q . 7-99 
Wig = Chui, * “ng 
“i g(x) 1 0 0 0 o, oy 
Wig “ig(y) 0 1 oy 0 “3 0 = oN (2-2b) 


2.4 Moments Acting on the Rotor 
Figure 2-2 shows the rotor, gimbal and the shaft positions resulting 


from a deflection of the outer torsional bar through an angle by generated 


by the angular velocity oy: 
‘Referring to Figure 2-2, moments acting on the rotor coordinatized 


along the rotor frame, Mee? is due to the deflection of the outer torsional 


bar through an angle dy: 
(2-3) 


Applying Euler's equation of motion to the gimbal about its Y-axis 


yields; 

= Bl ‘ 3 g g 
May Big(y) (Cy Ag) Fg(z)*ig(x) 
g and 


are moment of inertias of the gimbal for X_, Y 


here A_, B_ and C 
ee. eg g 


zy axes, respectively. 
Summing the moments acting on the gimbal about the Y_-axis, and noting 
axis coincides with the inner torsional element, results in; 


g 


igs 


where oy is the angular displacement of the inner torsional element 
generated by angular velocity by that the shaft has relative to the 
gimbal set. Carrying out the substitution of Equation (2-5) into (2-4) 


and solving for My 2 results in: 


re ae “ g g - 
Mey (Ag + By - Cglwig(x)Ig(z) * Kydy a 
Substituting Wi from Equation (2-2b) into Equation (2-6) gives 
the moment acting on the rotor about its ie axis: 
‘ ; 
#7 -< + 5 + " 
Mey (Aq By C)4,N Key (2-7) 


Assuming that the instantaneous angular displacement of the gyro case 


relative to the inertial space about the X--axis is equal to 6, then: 


fa, = 8 cos Nt 

*yl = 7, sin Nt 

; ; (2-8) 
I = 8, cos Nt - 8 N sin Nt 

*yL = -Ne, cos Nt - 8, sin Nt 


Substitution of Equation (2-8) and (2-7) yields rotor moments along the 


Xn and fe axes in terms of external case inputs (e,). 


r ma 
a = Ko, cos Nt aa 


r ~ ¥ 2 , : 7 . 5 
Mey H(A, + By C,)N Ke, sin Nt (Ag + B, C,)Ne, cos Nt 
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From Figure 2-3, the matrix, eo for transforming a vector from 
| rotor to case axes is; 
; x 
cos Nt -sin Nt 


¢- = (2-10) 
| sin Nt cos Nt 


se J | 


; r P : 
| Transforming rotor moments, Max and Mry to case coordinate frame gives: 


- = r : 
c ts : , x ° 
: Me : ae cos Nt -sin Nt Peg Pr cos Nt - Mry sin Nt 
mc ve Me ; sin Nt cos Nt/|M q M osin Nt + M" cos Nt 
ry ry ry Tx ry 


(2-11) 


Substituting rotor moments (Mr and Mey) from Equation (2-9) into (2-11) 


gives: 
MC = KS, cos” Nt - (Ag + By - C)N : Ky) 2, sin? Nt 
+ ‘Ay + By - ca], cos Nt sin Nt 
Mey = K 8, sin Nt cos Nt + (Ag + By - c4)N? - Ky | sin Nt cos Nt 


y , , 
sa Ag + B, = C4 |,N cos” Nt (2-12) 


Applying the following trignometric identities: 


Qa 
oO 
nn 
on 
ct 
u 


1/2 l1 +605 2Ne| 


sin’ Nt ive [1 - cos 2Ne| 


sin Nt cos Nt = 1/2 sin 2Nt 


Relationship between the case (c 


| F 
Figure 2-3 
coordinate frames. 
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) and the rotor (r) 


Bee ee a dee ae 


Equation (2-12) 


c 
Mex 
mc 
ry 
Cc oy 
Rs and Mey 


simplifies to the following expressions: 


2 
V/2[(K, +k) - (Ay + By ~ CAIN Ja, 


+ v/2[(k, - (Aj +B, - C We, cos 2Nt 


g 


+ ot + B, - 3 sin 2Nt 
2 ; 
v2l(k, - + (A, + Ny ca)nZJe, sin 2Nt 


- ber +8. Bet + cos 2Nt| Maes) 


are the moments exerted on the gyro rotor (xX. and Y. axes ) 


transformed to the case coordinate frame. These rotor moments can now 


be analyzed in terms of the external case inputs. 


The following comments can now be made about the results of Equation 


(2-13); 


1) Moments on the rotor have two components; time varying and 


time invarient. The time varying component, when averaged 


over a complete cycle (2mn), does not exert any torques on 


the rotor so long as the input frequency is not at twice 


the spin speed frequency. 


2) Constant moments on the rotor will result when the input 


is of the form ay =" as constant or 0, is at a frequency 


0 


which is equal to twice the spin speed frequency: 


= 9 sin 2Nt 


cos 2Nt 


Ti 
@D 
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2.5 Tuning 
Tuning as defined previously is balancing the positive spring torque 
between the rotor and shaft due to torsional elements (K, and Ky terms 


of Equation (2-13)) with the negative spring torque resulting from the 


g° Bg and Cy terms). Two cases of inputs are analyzed. 
Consider first the case of a constant angular input to the gyro 


rotor dynamics (A 


case. Assume an input 6, = 6, = constant; Equation (2-13) reduces to; 


ie) 
a : 
a i ae F 5 2 
"ae meee (Ky + Ky) (A, + 8, cy) 
uf 
ae 0 


In order to have no moments on the rotor along the gyro case frame, 
(K, + Ky) must equal (A, + Be - CIN’, j.e., tuning condition can be 


accomplished by adjusting gimbal inertias (Ag; Ba and Cq) or by varying 


the spin speed (N). For a constant spin speed, Noe tuning is achieved 


by adjusting the gimbal inertia as follows: 


f K+ k 


ee ee, 
; + oe 
(e) \ Ag By Cy 


Note: In practice most gyros are operated at a fixed spin speed determined 
by the frequency of the motor supply voltage and it is common to achieve 
tuning by adjustment of the gimbal inertias. However, some manufacturers 
prefer constant gimbal inertias and achieve tuning by adjusting the spin 


speed Or spring restraints as follows: 
x 
a bee = ++ 
(Ag g CQ) 
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ate dte 


Either method will produce the desired results. 


Consider next the effects of angular input to the gyro case at a 


frequency equal to twice the spin frequency 


ett 8, = 6, sin 2Nt, Equation (2-13) reduces to; 


C 
Bo. : 
ee = 0 
Mo = -1/4] (K =k fe (A. +B. = In? | 2 
ry ¥ Xx g g ae i 


b) If 6..= 8, cos 2Nt, then; 


ce 
v 


Cc -—- fe i = + = = 2 3 
Me 1/4 (Ky K) (Ag Bo Cy)" ie 
Sgt 
My 0 


Note: In the above equations the sinusoidal terms are deleted since the 


average torque resulting from them are Zero. 


In both cases either May or Mey is equal to: 


<< 
“1/4](k, = K.) - (Ag +B -C IN*] 0, 


g° "9 3 


NOW, assuming the gyro is spinning at a tuned speed, Ny (i, 1 


(2-14) 


R# 6 
+ = 
Ag B C 


and the torsional bar stiffness, KY and K. are equal, then replacing Ky and 


¥ 


N in Equation (2-14) with the above assumptions yields the following: 


484 or Mpy = “4/218, 


(2-15) 


Equation (2-15) illustrates that, even though the gyro was tuned for zero 


error with a constant input, it will have a net error when the gyro is 


subjected to angular inputs at a frequency of twice the wheel speed. 


hed 


g g 


In Reference 5 and 6, R. Craig has noted that in order to eliminate 
error torques on the rotor, due to 2N angular input frequency, at least 
three gimbal rings are needed in the suspension system. In a multi-gimbal 
design each gimbal produces an error moment, but the angular spacing of 
the gimbal (about the rotor spin axis), and the inertias of the individual 
gimbals are selected and edjusted so that the resultant of all the moments 


produced by the individual gimbals 7s equal to zero. 
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SECTION 3 
TWO-DEGREE-OF-FREEDOM TUNED ROTOR GYRO MODEL EQUATION 

In Section 2, moments acting on an ideal gyro rotor (neglecting 
error torques) relative to the case fixed coordinate frame were determined. 
In this section, however, moments supplied by the gyro torquers for the 
purpose of crerinies the rotor spin axis inertially stable, are deter- 
mined relative to the Attitude Reference Unit (ARU) frame. By obtaining 
torquer moments relative to the ARU frame, effects of torquer and the case 
nieateparte can be included in the gyro model. Also torquer moment 
outputs for three nominally .orthogonal gyros (X, Y, Z) can be obtained. 

Analysis starts with simplifying assumptions. Next, coordinate 
frames are defined. This is followed by calculation of angular velocities 


and finally, expressions relating moments supplied to the rotor by the 


gyro torquers are developed. 


3.1 Assumptions 


‘The following assumptions are made during the derivation of the model 
equation without loss of validity or implying physical limitations: 


1) The rotor inertias are much greater than the gimbal inertias. 


2) The gyro sensitive element rotates about the axis of symmetry 
and has an angular velocity relative to the gimbal set of 


a= (N - a.) where N is the shaft rotation and a is the 
motor dynamic. term. 


3) The center of mass of the gimbals and the rotor coincide. 
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4) At first the rotor is assumed to be a free body and later on 


5) The attitude angles Ey & 


this assumption is modified to include error torques due to 
an imperfect suspension system, damping and 2N angular input 


frequency. 


y? e and ey shown in Figures 3-1 


and 3-2 are considered small, therefore small angle approxi- 


mation apply (cos 6 = 1, sin 9 = 8). 


3.2 Coordinate’ Frames 


- 


Five coordinate sets all having a common origin are used in the deri- 


vation. 


The Attitude Reference Unit (ARU) frame is included so that the 


final model equation would have moments for the X, Y and Z gyros (3 gyro 


package). Figures 3-1, 3-2 and 3-3 show relationship between various 


coordinate frames. The coordinate frames are as follows: 


1) 


2) 


Xs Y; and Z; is fixed relative to inertial space. 


Ko» 1 


to the Attitude Reference Unit (ARU). The inertially referenced 


and i. coordinate set is the main reference frame fixed 


angular velocity of the ARU resolved along Xo> ‘ and Z. axes is 
$. 

Xo ¥. and Z. coordinate set is attached to the Z gyro case such 
that the shaft spin axis coincides with the i. axis. The attitude 
of the c-set relative to ARU set is defined by the attitude angles 
Ey and = and the angular velocity of the ARU frame resolved along 


the case axes (we) is o'. 
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Figure 3-1 Relationship between the ARU(a) and case(c) coordinate 
frames. 
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Figure 3-2 Relationship between the case(c) and gimbal(g) coordinate 
frames. 


Figure 3-3. Relationship between the gimbal (g), rotor 
(r), and the sensitive element (s) coordinate 


frames. 
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4) Xqe ‘9 and Zy coordinate set is attached to the inner gimbal with 
Zy axis coinciding with the instantaneous spin axis of the rotor. 
The attitude of the gimbal frame (g-frame) relative to the case 


frane (c-set) is given by the attitude angles By and ey: 


5) Xo te and zZ. is the sensitive element (gyro rotor and gimbal) 
coordinate set. The angular velocity of the sensitive element 


relative to the gimbal set is & =N - a (see Figure 3-3). 


3.3 Angular Velocities 
From Figure 3-1, the angular velocity of the ARU with respect to 


inertial space resolved along the ARU frame is; 


* 

a q - 
Was *y 
%, 


6° = wl, = Clay (3-1) 


where Cc is the transformation matrix obtained from Figure 2-1. 


1 0 -€ 


y 
ow e 
eS, * (8 1 By (3-2) 
Sy -e, 1 


Substituting Equation (3-2) into (3-1) yields the angular velocity of the 


ARU frame relative to inertial space resolved along the case coordinate 


frame: 
24 


o) 1 0 %, c. (9, by9,) 
wl : ‘Ae F , 
Wis ‘ 0 1 B||% (ay + €9,) (3-3) 
* a reg L143 hoe * ete aye) 
Also, from Figures (3-1 and (3-2); 
oy : 
c Ee c€ os a, 
a | a *y (3-4) 
%, 


- 


Assuming that the attitude angles 8, and sy are a result of angular vel- 
ocities a, and By of the gimbal relative to the case, then the angular 
velocity of the gimbal with respect to the case, coordinatized in the 


gimbal frame is: 


By definition, the angular velocity of the gimbal frame relative to 
inertial space and referenced along the gimbal axes (uf) is the sum of 


the following angular velocities: 


Wig = Cou. + Weg (3-6) 
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From Figure 3-2 the transformation matrix e is; 


1 O” «x 
*y 
Fae 
Ce = 10 1 ey (3-7) 
SE Piel = Tol | 


Substituting Equations (3-4), (3-5) and (3-7) into Equation (3-6) yield 
angular velocity o¥ the gimbal relative to the inertial frame along the 


gimbal axes: 


®ig(x) % s- by - 9 y*2 
we ®ig(y) oy +8, + 8,3) (3-8) 
ig(z) o, SF Sey te =x%y 


From Figure (3-3), the angular velocity of the gyro sensitive element 


with respect to the gimbal set is; 


Ss ES 
“gs = 0 
N-c, 
a Pes g 
then, Wie C5%gs ig 
cos a sin a 0 
ot a ree 
and Ce Sin a, cos ae 0 
0 0 1 
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Substituting Equation (3-8), the angular velocity and the anguiar acceler- 


ation of the sensitive element relative to the inertial space coordinatized 


in the gimbal frame is, 


: “ig(x) 
wi = G i+ “i g(v) (3-9a) 
noe “ig(z) 
; “ig(x) 
E “is [*a(y) : (3-9b) 
ig(z) Pet 


3.4 Moments 


The basic equation used in the derivation of the gyro model is 


Newton's law of rotational body: 


i 
a |x| (superscript i denotes coordinatized in the ad frame) 


For a gyroscope, the angular momentum vector of interest is the sensi- 


tive element vector which consists of the rotor and the gimbal 
é la,l 
M. = dt H. (3-10) 


Applying the Coriolis Theorem to Equation (3-10) and coordinatizing the 


moments along the gimbal coordinate axes results in; 


g 
? g g 2 
Me dt IH, x “ig x A, (3 11) 
gL g 
where He [3 + ty Wig: 


zy, 


Recalling assumption 1; i >> Ty» then, 


= g 
NS Tis 
and 
d 8 ‘g 
dt 4, = 1,03, 
Substituting Equations (3-8) and (3-9) into (3-11) and letting 
I ny = Ty =A, i. = C, yields; 
El a 
Mex Aw g(x) 
g a i ¢ 7 , : 
Msy Aw g(y) * Meig(x)) Jl ig¢y)) * Kaig(x))| 
Z e - 
Moy Cw g(z) - Ca, 
(3-12a) 
‘ Hi (basg(x) Pera (yy) F*RiCag( 2)" * N-2) 
Simplifying Equation (3-12) yields; 
ae , iL 
Ms Aw a(x) re (C A)& 5 9(y)"49(z) “t CN a(y) Carwig(y) 
Bete Lats : i 
MSy Awig(y) ~ (CA: g(x) %iy(z) 7 Nig(x) * Se%ig(x) (3-12b) 
me | ; ie 
M2 C(wra, - ay) 


Mg are the moments acting on the gyro sensitive element referenced 
along the gimbal coordinate set. These moments are actually acting on 
the rotor (i.e., applying assumption 1; = >> I hence Mg = Me). With 
the gyro in tuned condition; and rotor, gimbal and sensitive element 


I-axes coincident (see Figure 3-3), the drive shaft cannot exert any torques 
28 


’ 
ores errs Asten Qreeten rete twetm tr enmeianee 


anaes cnpeiynte sear pees ae cee yn cthiisy 2 + Heeenemnn 


on the rotor perpendicular to the shaft (lees Me and Mey): Consequently, 
any moments acting on the rotor perpendicular to the shaft must be provided 
by the torquers which are case-mounted. Transforming rotor moments (Me. 
and Mey) to the case coordinate set using the following; 


c . peed 
Me CONS 


where Cy is the tiansform of matrix C defined by Equation (3-7). Rotor 


moments coordinatized along the case coordinate frame are therefore: 


4 : 

ME 4 By [Mex Mex + 9yMe2 

ine | ; z ’ ’ 

tog 0 1 0, Moy Mey Mo, (3-13) 
c 

Mz “8, 8 | IMA [Msz - %yMsy * a Mey 


Mex and Mey are the moments acting on the gyro sensitive element or the 
rotor (because of assumption 1) supplied by the X and Y torquers and not 
including the error torques. In practical gyroscopes error torques (Mo) 
do exist and the torquers must provide moments to overcome these error 
torques. (The error torques include damping, imperfect suspension system, 


and 2N angular input frequency rectification errors.) Therefore, net 


torque supplied by the gyro torquers are: 


Bre ge c 
Mex sx * Merx 

(3-14) 
oS > 26 c 
Mey 3 Moy % Mery 


where ME are the net moments supplied by the X and Y torquers. 
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MS are given by the following: (shown by Craig Ref. 6) 


er 
H [N. - (N+. - a,)| 
Cc J Oe) z t H 
erx Ra ae 7 °y a Dex + HR 
HN. - (N+ 6 - a,)] . 
c 0) z t H 
Mary ra ae Oe D8y + HRo oon 
HIN, - (N+, - a,)] A te 
where ee ee is the mistuning error torque term for 
m : 
the Y-axis 
He 
Fein is the gyro internal damping torque for 
the Y-axis (quadrature spring moment) 
“5 D8, is the Y-axis external damping error 
torque between the gyro and case 
= HR oon is the error moments due to 2N frequency 


rectification (occurs only when the 
input is at 2N frequency) 


Equation (3-14) give the moments supplied by the torquers relative 
to the case frame (when torquer axes coincide with the case axes). The 
effective torquer axes are misaligned by angles etx and Ety relative to 
the reference ARU frame as shown in Figure 3-4 Lee and Ety are smal] 
angles.) 


Therefore, moments exerted on the rotor by the effective torquer are: 


Se c 

My & Mey . StyMty 
(3-15) 

ae: = Jee 

My i. Mey ~ be yMey 


30 


Oar sre iy 


Figure 3-4. 


Relationship between the torquer (t), ARU (a), 
and the case (c) coordinate frames. 
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Substituting Equation (3-14) into Equation (3-15) (for My) and then 


substituting Equation (3-13) into the result yields; 


swe g g 
My MSx “4 BM s2 . Marx i ExyMey 
(3-16) 
=. (Mees g a g 
My Mey 5yMcz * Mery ByyMex 


Substituting Fquation (3-12)(for Me) into Equation (3-16) and then sub- 
stituting for #g into that result (using Equations (3-3) and (3-8)) 


yields the effective torquers moments in terms of the following: 


a. input angular velocity s (ARU reference frame) 

b. input angular acceleration, $ 
c. pick-off displacement angles, 6 
d. pick-off angular velocity, az 

e. pickoff angular acceleration, @7 


f. misalignment angles, & and é& 


x y 


where the superscript specifies the gyro which does the measuring. 


8 eo ae 
f° * Alo, + OF °, 07) (Inertia term) 
+ H(3 + 9* + a76_) (Fundamental term) 
iy; XZ 
Mm Zs : Zi Ze Aaa? : 
+ (C-A) (9) a + 02,)(9, + ee - ,¢,) (Anisoinertia 
term) 
Eas (6 aa 25*s ) (Motor dynamics 
ee ag 
term) 
+¢(4, -a*) 9% (Spin axis accel. 
—t CP ty 


. coupling term) 
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: “ Soe 
- (C-A)(o, +a = 6,02) (8, +9 


ae “ - 
- Co, (9, sng i 


- H(-é 


3 2° 


) 


HIN, - (N - ¢, - a )] 


. z 


8 
y 
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z 
cd 


: 7 
as Be) 


(Misalignment 
term) 


(Mistuning term) 


(Damping term) 


(2N Angular Fre- 
quency term) 


(Inertia term) 


(Fundamental term) 


(Anisoinertia 
term) 


(Motor dynamics 
term) 


(Spin axis accel. 
coupling term) 


(Misalignment 
term) 


(Mistuning term) 


(Damping term) 


(2N Angular Fre- 
quency term) 


The subscript denotes the axes of the ARU relative to which the quantity is 


measured and the superscripts specify the gyro which does the measuring. 


Z 


Note: The above equations were derived by R. Craig, Reference 6. My 


and My give the Z gyro model for angular inputs in terms of the moments 
that the ayro torquers exert on the rotor. Moment equations for X gyro 
(My M) can be obtained by cyclic substitution of X for Z, Y for Z and 
Z for Y in Z-gyro model equation. Similarly, to obtain moment equations 
for Y-gyro (My M) substitute X for Y, Y for Z and Z for X in Z-gyro 


model equations. 
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! 


Textron Defense Systems 
201 Lowell Street 
‘Wiimington, MA 071887 


1.0 SCOPE 


This pian esiablisnes the tesis which are to oe cerformed on the MOOD III-T 
Gyroscope. These tests are divided into two groups: Operating Tests (OT) and 
Performance Tests (FT). The purpose of this testing ‘s to establish that the MOD III-T 
Gyroscope (P/N 760S00-533) wiil meet the requirements of a three year space 
mission. Since the goal of these tests is to establish the performance at these -lyros 
over as many operating hours as possible during this three vear periad, the tests will 
not be interrupted unless there is a catastroohic failure or specific direction to ca so 
from the NAA GSFC Technical Officer atter consuitations with Textran Defense 
Systems’ (TDS) Navigation and Controi Test Engineering personnel. 


2.0 TEST EQUIPMENT 


The test equipment used during the Operating Life Tests and Performance 
Tests are listed in Sections 2.1 and 2.2. 


The commercial equipment power supopiies, oscilloscopes, wave analyzer, Stc. 


need not be limited to the models shown cut may oy repiaced by other commercial 
equipment deemed applicable by TDS’ Navigation and Control Test Engineering 
personnel. 


Operating Test (OT) 


24 
Qtv. Descriotion Part/Modei No. 
2 


iIngonex()| M)Chassis 5. —_.._ - 763828 
(Schematic P/N 761519) 


Clack, No-Go (48 Khz) Board ————————- §, 767150 
{ (Schematic P/N 766879) 
2 Phase Spin Supply Board : ‘(Schematic P/N 763839) 


Pick-orf Supply Board Fo emcee ee 767152 
' (Schematic P/N 764188) 
767151 


Caging Gyro Incotlex 
ke ee Sessa P/N 766828) 


AS) ie) 


Fixture 766996 
Assemoly, Freamp/Cabie 767038 
Oven (Dispatch) LER-1-28 
Fiuke Thermometer 2176A 


is ONES ib) 


| 
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Fiuke Multimeter 

+15, -15, +5 Vde Supply (Power One) 
28 Vde Sunoly (Power One) 

Oual OC Power Suppiy (H/P) 
Osciiloscoce (Leader) 


Performance Tesi (PT) 
Desenotion 
Incotlex (TM) Chassis 
Clock, No~So (48 Khz) Scard 


2 Phase Spin Suoply Board 
Pick-off Supply Board 


Caging Gyro Incatlex 


Test Cube 
Assembly, Preamo/Cable 
+15, -15, +5 Vde Supply (Power One) 
28 Vde Sucply (Fower One) 
Dual OC Fower Supply (K/P) 
Oscilloscope (Tektronix) 
Wave Analyzer (H/P) 
Computer (H/P) 

(H/F) GPO Interface 

(H/P) RP-IB Interface 

ROM Drawer 

16K Memory Madule 
Printer (H/P) 
A/D ta Incatlex Chassis Interface Cable 
Software, Data Canridge 
Temperature Contrailer (Incosym) 
Digital Interface 
Fiuke Mutimeter 
Fiuke Multimeter 


© 
- eek ek ek ek eh eh ek ek ek ek ek ek kh ok dk fy 
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TEST PROCEDURE 


3.1 Operating Test (OT) 


Two gyros will continuously cperate for 2 ceriod of 3 years with pericdic 


interruptions for Fericrmance Tests. At the start of eacn OT 


Textron Defense Systems 


201 Lowell Street 
Wilmington, MA 01887 


8840A 
RBAA-4OW 
RC28-2.6 
62050 
LEO-520A 


Part/Modei No. 


767154 

(Schematic P/N 7677153) 
767150 

(Schematic P/N 766979) 
(Schematic P/N 7638339) 
767156 

(Schematic P/N 767157) 
767151 

(Schematic P/N 766828) 
767037 (NASA Owned) 
767038 (NASA Owned) 
HBAA-tOW 


82940A 
82937A 
82936A 
82S03A 
829058 
764299 
767160 
TCTO0A 
763285 
ra 
8840A 


Ain 


segment, an excitation of 


approximately 36 Vrms square wave, snail be apolied io saturate the sain motor 
hysteresis ring; the excitation wiil then ce reduced to a minimum of 16 Vrms or 2 Vrms 
above the minimum required voltage io keen the gyro operating at synchrancus spin 
soeed, whichever is the greater of the two. The operating minimum voitage wiil be 
cetermined cnror io the star of the OT and wiil remain the same throughout the life of 
the OT. Tne gyros shail operate in 2 torque rebalance loop while at synchronous spin 
speed. Each gyro wiil be mounted onto a fixture (P/M 766SS6) and placed within the 
temperature controlled oven which is maintained within a range of 125 to 180°F per 
the block diagram. Periodicaily, coth gyros will be removed from the oven and 
undergo performance tesis at 2 specified temperature. Prior to shutdown and removal, 
the synchronous spin speed shail be verified and recorded in ihe Operating Test Bed 
(OTB) Log. 


Following each PT period, the gyros will be remounted io the fixture (P/N ~ 
766$$6) and returned io the oven. Upon each retum io the oven, the gyros will ce 
oriented to 2 new position. This is to allow the migration ot the bearing lubricant to be 


more evenly distributed in the earth’s gravitational field. The order of the orientations 
is to be as follows: 1) Spin axis vertical, Z-up; 2) spin axis nonzontal, X-up; 3) svin axis 
vertical, Z-down; and 4) spin axis honzontal, Y-up. All gyro removals, remounts and 
orientation will be recorded on the OTS Lag. The gyro test position sequence and time 
curation is listed in Tabie 1. 


Number 
Textron Defense Systems ee 
201 Loweil Street isha 
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Table 1 
Orientation of Gyro During Life Test 


rest Position Time Test Position rime 


i O1 SAV-Z Up 2 Wks>. 23 SAV-Z Down i Mo S 

“2 02 SAH-X Up 2 Wks / 24 SAH-Y Up 1 Mo <_ 

4%, 03 SAV-Z Down - 2 Wks ¢ 25. SAV-Z Up 1 Mo ) 

7) 04 SAH-Y Up. 2 Wks ) 26 —- SAH-X Up {Ma 
0s SAV-Z Up 2 Wks> 27 SAV-Z Down 1 Mo 
06 SAH-X Up 2 Wks { 28 SAH-Y Up 1 Mo_/ 
O07 SAV-Z Down 2 Wks }- 2g SAY-Z Up 1 Mo 
08 SAH-Y Up. 2 Wks 30 SAH-X Up 1 Ma ( 
og SAV-Z Up 2 Wks ~ 31 SAV-Z Down 1 oad 
10 SAH-X Up. 2 Wks / 32 SAH-Y Up 1 Mo 
11 SAV-Z Down 2Wks | 33 SAV-Z Up 1 Mo> 
12 SAH-Y, Up 2 Wks 4 34 SAH-X Up 1 Mo 
13 SAV-Z Up 2 Wks > 35 SAV-Z Down 1 Mo 
14 SAH-X Up 1Mo > 36 SAH-Y Up 1 Mo 
13 SAV-Z Down 1Mo - 37 SAV-Z Up. 1 Mo ) 
16 SAH-Y Up_ 1 Mo— 38 SAH-X Up 1 Mo 
17 SAV-Z Up 1 Mo > 3g SAV-Z Down 1 Mo 4 
18 SAH-X Up. 1 Mo + 4Q SAH-Y Up . 1 Mo/ 
19 SAV-Z Down 1 Mo 44 SAV-Z Up 1 Ma- 
20 SAH-Y Up 1 Moy 42 SAeep Shy) Xt 1 Mo 
21. _ SAV-Z Up 1 Mo 43 SARL Sowa SAV 24 Mo ? 
22 SAH-X Up 1 Ma CAV 


-Where SAV - Spin Axis Vertical 
SAH - Spin Axis Horizontal 
Z-Axis - Aligned with Spin Axis 


3.2 Performance Test (PT) 


During the first 6 months, every 2 weeks each gyro will be transferred to the 
MOD-ill-T Pertormance Test Frocedure (FTP) Test Stand for Performance Tesiing. 
Aiter 6 months of aperation has elapsed, the PT interval shall change to ance oer 
month. The spin motor power wiil be set at approximately 26 Vrms throughout ail 
pertormance testing. The PT temperature wiil be 70 =2°C. The temperature wiil be 
recorded on the FT Data Sheet. 


: | Numoer 
Textron Defense Systems | ; 
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All PT results will be recorded on the PT Data Sheet. A listing of the PTs to be 
completed are as follows: 


3.2.1 Rotor Synchronous Run-up Time 


The time to reach synchronous spin speed. 


a) 
ho 
ho 


Motor Sta:t Current 

Peak start current at 26 Vrms. 

| 3.2.3 Motor Run Current 

The steady siate operating current at 26 Vrms. . 


3.2.4 Rotor Run Down Time, 

3.2.5 Spin Axis hanes, Tuned Frequency 
3.2.6 Spin Axis Vertical Tuned Frequency 
3.2.7 Rotcr Damping Time Constant 

3.2.38 X&Y Pick-olf Cfisets 


3.2.9 X & Y Pick-off Nuil Quadrature 


3.210 8 Position Test Measuring 


3.2.10.1 X & Y Torquer Scale Factors 


3.2.10.2 X & Y G-Insensitive Onit (Bias) 


3.210.3 G-Sensitive Orit (Direct Mass Unbtaijancs} 


Textron Defense Systems 
201 Loweil Sirest 
Wilmington, MA 01867 


E 
.-. 
E 
i 
é 

f 

: 


88 786287 5 


0 tomes 


ey 


3.2.10.4 G-Sensitive Ont (Quadrature Mass Undealance) 


40 QUALITY ASSURANCE REQUIREMENTS 


4.1.1 Operating Test Bed (OTS) 


The gyros will t¢ installed in the OTB as shown in the Block Diagram, Orawing 
No. 767158. 


4.1.2 Performance Test Procedure (PTP) Test Stand 


The MOOD Ill PTP Test Stand is the standard 8IT Stand modified to perform the 
Run Down Test, Block Diagram, Drawing No. 767158. The part number for the 
modified Test Stand is 767154. The Pick-off Supply Card aiso-required a modification 
to perform the Run Down Test. The drawing number for the modified Card is 767156. 


42 The Operational/T est Log 
The NASA MOD III-T Life Test Log Document No. $10257 wiil contain: 
a) Life Test History 
- Gyro orientation, date and time for. start and stop of each segment. 


- Verificaticn of the gyro in sync status at the start and stop of each 
segment. 


0) Tabulation of gyro performance data for each test periormed at the PTF 
siation. 


c) Tabulation of equinoment used in the Life Test Sed. To include calitration 
dates and calibration due dates where required, along with dates for 
exchanges of equipment where required. 


d) Tabulation of equipment used in the Performance Test station along with - 
calibration information where required. 


The Appendix contains the Test.Log No. 910257. 


Gyro Operation Ventication 


? Numer 
Textron Defense Systems 
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1) Assembie ithe system as shown in Block Diagram 610886. 

2) Spin Pick-off monitored on Channei A of the osciiloscape. 

3) Fnase A of the spin excitation monitored on channe! 8 of the osciiloscsce. 
4) Osciiloscape internally synced from channel A. 


lf the gyro is in sync, the spin pick-stf and the spin excitation frequencies wiil 
de locked to each other as observed on the ascillosccpe. 


lf the gyro is not in sync, the spin pick-off and excitation signais wiil be 
moving with respect to each other when observed on the osciiloscape. 


A Quality Assurance (QA) person shail witness that the gyro is in sync at the 
start and camoletion of each segment of the Life Test. A Statement of these 
certifications shail be- entered in the log by the witnessing QA person and 
stamped off. 

44 Test Data Verniication 


All PT test data shall be witnessed by 2 QA person wno snail apcly an 
appropriate stamp io the data sheet entries. This data shall be maintained in the test 
log. 


4.5 Metrology 


Quality Assurance shall ensure that all test equipment are maintained within the 
requirements established by TDS’ Navigation and Control Group. 


Any time an item of test equipment is repiaced, the fact shail be noted in the log 
along with the new item’s nomenciature, made, serial number and next recalibration 
required date stamped otf by QA. 


4.6 Failed Test Equipment 


Any time an item of test equioment fails, it will be noted in the Icg with 2 
statement 2s to the failure mode, if available. The new item of test equipment’s 


Z | Number 

bec Textron Defense Systems 
| 207 Loweil Sirest : 
Wiimington, MA 01887 


| Sheet 


=nencilature, mode!, serial number and next recalibration required date stamped off 
oy QA. 


47 Go, No-Go and Pass Fail Catena 


Results ot the first month of testing wiil be reviewed jointly by TDS’ Navigation 
and Control Test Engineering and the NASA GSFC Technical Officer. The nominal 
oertormance for the Operational and Performance Tests will be established by this 
review. These nominal performances limits will be entered into the log baok and 
signed otf by CA. If the gyro test data exceeds these nominal performance limits, the 
NASA GSFC Technical Officer must be notified. The Life Test will continue until 2 joint 
decision is made by TDS’ Navigation and Control Test Engineering and the NASA 
GSFC Technical Officer to interrupt or discontinue the Life Test program. Similarty, if 
the gyro fails to dperate-or is deemed unacceptable, TDS shail notify the NASA GSFC 
Technical Officer before investigating the failure mode and estimating the cast of 


repair. 
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MOD Ill-T NASA Lite 
Perieormance Test (PT) Datz Sheet 


Gyro Seria: No Das: 

Test No Aer Test Sequence No 
| * @racracn | Parameter | Units Mate sae Messurement | 
| 3.21 E Sun-up Time | Secs <1é | | 
| 3.22 | Motor Star Current | Milli-mos | 1 4 | 
| 323 | Moter Sun Current Miili-Ames | | <&CO0 | | 
| 3.24 | Motor 8un Down Time | Secs | TeD | | 
| 3.25 | SAH Tuned Frequency | Hen | 397403. | | 
| 3.26 l sa SAV Fined Frequency | henz | ass—to7t | | 
| 3.27 [a Rotor Damping Time Constant | Secs | >15 | | 
|3.28(A) | Cliset X-Axis |arc-Secs | =e | | 
|3.28(6) | Cliset Y-axis | Arc-Secs | =6 | | 
|a2¢ (A) | X-Nuil Quecrature Ait-Sscs | +20 | | 
| 3.23 (B) | Y-Nuil Quadrature | Arc-Secs =20 | | 
| 3.2.10.1 (A) | x X-Torcuer Scaie Factor | DeaSec/Me >0.22 | 
| 3.2.10.1 (B) | Y-Torquer Scete Facer ecSecMaea | 2022 


4.(A) be X-Axis Quad Mess Untalence 


} 
| 
3 : = 
-5=2 (B) ras Bias ake | +20 
| 
| 
| 


| | | | 
| 


| 

| 

4 e 

"ye q | | 
| | 

| 
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